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DOI: 10.1016/j.cub.2009.02.011strongly influenced by environmental
conditions. Light has been shown to
regulate these processes through the
modulation of PIF stability, but it is
becoming clear that, in addition to light,
PIFs are also regulated by other factors.
On the transcriptional level, PIF4 and
PIF5 are regulated by the circadian
clock. The coinciding regulation of
PIFs at the transcript and protein
level by the clock and light quality,
respectively, ensures that plant growth
takes place in the early hours before
sunrise, providing optimal conditions
for growth [4,5]. However, as alluded
to above, the R:FR ratio is not the
only important factor regulating PIF
function. It was established last year
that PIFs are also regulated by the
gibberellin-signalling pathway via
DELLA proteins. DELLAs, which are
growth-repressing transcriptional
regulators, were shown to interact
with the DNA-binding domains of
PIF3 and PIF4, thereby preventing
their transcriptional activity and
resulting in growth restraint [4,6].
In an exciting new study, Koini et al.
[1] add temperature to the group of
factors that regulate PIF4 activity.
The authors were aiming to find out if
there is a connection between shade
avoidance and high temperature
responses, as these stresses lead to
very similar phenotypes. Surprisingly,
they found that a single gene, PIF4, is
mainly responsible for hypocotyl andbe crucial for mediating certain effects
of light on plant development. Plants
use light not just as an energy source
but, in combination with ambient
temperature, day length and light
quality, also to provide seasonal
cues. An important measure of light
quality is the ratio of red to far-red
light (R:FR), since increased amounts
of FR indicate shading. In Arabidopsis,
an exquisitely sensitive and complex
pathway relays signals from sensor
proteins called phytochromes to
control gene expression. Red light
triggers a conformational change
in phytochromes, leading to their
activation. The activated
phytochromes, in turn, direct
the degradation of PIFs, with
accompanying effects on the genes
regulated by these transcription
factors (reviewed in [3]). PIFs have been
shown to be important in a range of
developmental processes, such
as seed germination, seedling
development, hypocotyl elongation
and shade avoidance, that areDoris Lucyshyn and Philip A. Wigge*
Since plants are sessile, they must
be able to sense changes and adapt
their development to the environment.
Development continues throughout
the life-cycle of the plant, providing
a rich system to study how biological
systems perceive multiple
environmental cues and integrate this
information to control development.
Light and temperature are two
particularly important environmental
cues for plant growth and vary
enormously on both a day-to-day and
a seasonal basis. In two recent issues
of Current Biology, Koini et al. [1] and
Casson et al. [2] have shown that an
emerging player in plant responses
to the environment, the basic
helix–loop–helix (bHLH) transcription
factor phytochrome-interacting factor
4 (PIF4), has a key role in modulating
developmental responses to both
light and temperature.
The PIF family of transcription
factors has already been shown toPlant Development: PIF4 Integrates
Diverse Environmental Signals
Flexible adaptation to environmental changes is essential for plants. Recent
studies suggest that a group of basic helix–loop–helix transcription factors play
a central role in the crosstalk between environmental cues and hormone
signalling.
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Even more surprising was the finding
that this phenotype can be achieved
independently of the phytochrome
and gibberellin signalling pathways,
raising the question if there is an
additional, unknown signalling
pathway that converts the temperature
signal to PIF4 regulation. The picture
becomes even more complex with the
identification of the auxin-inducible
protein IAA29 as a target of PIF4 at
high temperature, as it implicates
auxin in the network. It is been known
for more than ten years that free
auxin levels increase at elevated
temperature, mediating a strong cell
elongation response [7]. The study
from Koini et al. [1] suggests that
PIF4 might act as a mediator of the
auxin signalling pathway at high
temperature (Figure 1). This
strengthens the idea that PIFs are
a central integration point in the
crosstalk between environmental
inputs and hormone signalling.
However, the question of how PIF4
activity is enhanced by higher
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Figure 1. The transcription factor PIF4 inte-
grates environmental signals and mediates
adaptive changes in plant development.
At high temperature, PIF4 positively regu-
lates growth and interacts with auxin signal-
ling in a PhyB-independent manner, while
high light intensity leads to a PhyB- and
PIF4-dependent increase in stomata forma-
tion in the leaves.temperature at the molecular level
remains to be answered. Koini et al.
[1] could observe relatively small,
transient increases in PIF4 protein
levels at high temperature, suggesting
that protein abundance is unlikely to
be the sole mechanism by which
temperature modulates PIF4 signalling.
It remains to be seen if temperature has
a direct effect on PIF4 activity, or if
another factor provides a temperature-
gating mechanism for PIF4 signalling.
Interestingly, Casson et al. [2]
recently showed that PIF4 is also
a player in a quite separate response.
At high light levels, plants increase
the number of pores (stomata) for
exchanging carbon dioxide and oxygen
from the air. Remarkably, Casson et al.
[2] now show that light signalling and
PIF4 are key players in this response
(Figure 1). In the absence of either PIF4
activity or appropriate phytochrome
signalling, stomata numbers do not
increase as much under high light
intensity. Now that phytochrome
signalling has been tied to stomatal
formation, it will be possible to gain
a much deeper insight into how these
very specialised cells are specified.
These studies illustrate two
emerging themes in plant biology.
Firstly, it is becoming apparent that
certain points in signal transduction
pathways are key points for integrating
information. Despite the diversity of
environmental signals, decisions
must still be made. This is achieved
by funnelling signals through to key
players, such as the PIFs, which act
as integrators of information. Secondly,
these studies illustrate the importance
of developmental context. How is it
possible that a given signal leads to
quite different outcomes depending
on where it is perceived? Diverse
studies have highlighted that the
competence of cells to respond in
a particular way is crucial [8,9]. Thus,
in the studies discussed here [1,2],
higher PIF4 activity in hypocotyl causes
increased growth, while in the leaf
epidermis enhanced PIF4 activity
leads to increased stomata formation.
Like all advances, these studies raise
almost as many interesting questions
as they answer. It has become clear
over the last few years that PIF
regulation is complex (e.g., through
effects of the circadian clock, light
quality/quantity, and gibberellin
signalling), occurring at both the level of
gene transcription and through
the modulation of protein stability.And we may now add temperature
to the list of factors regulating PIF
activity. Furthermore, surprisingly
little is known about what is going
on downstream of PIFs, including
the molecular mechanisms of PIF
function as transcription factors and
the identity of their targets. It is well
established that bHLH transcription
factors can form flexible interaction
networks [10]. It is tempting to
speculate, therefore, that perhaps
particular combinations of PIFs may act
to integrate environmental information
and pass on signals by specific
interactions with other transcription
factors, leading to positive or negative
regulation in a finely tuned manner.
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